Brainstem catecholaminergic neurons play key roles in the autonomic, neuroendocrine, and behavioral responses to glucoprivation, yet the functions of the individual groups are not fully understood. Adrenergic C3 neurons project widely throughout the brain, including densely to sympathetic preganglionic neurons in the spinal cord, yet their function is completely unknown. Here we demonstrate in rats that optogenetic stimulation of C3 neurons induces sympathoexcitatory, cardiovasomotor functions. These neurons are activated by glucoprivation, but unlike the C1 cell group, not by hypotension. The cardiovascular activation induced by C3 neurons is less than that induced by optogenetic stimulation of C1 neurons; however, combined stimulation produces additive sympathoexcitatory and cardiovascular effects. The varicose axons of C3 neurons largely overlap with those of C1 neurons in the region of sympathetic preganglionic neurons in the spinal cord; however, regional differences point to effects on different sympathetic outflows. These studies definitively demonstrate the first known function of C3 neurons as unique cardiovasomotor stimulatory cells, embedded in the brainstem networks regulating cardiorespiratory activity and the response to glucoprivation.
Introduction
Multiple regulatory systems enable tight control of glucose homeostasis to ensure adequate provision for essential physiological functions (Verberne et al., 2014) . In response to reduced glucose, autonomic, neuroendocrine, and behavioral systems are activated to mobilize energy stores and increase energy intake. These include activation of adrenal catecholamine secretion, via increased adrenal sympathetic nerve activity, to mobilize energy stores. Although the central pathways involved in this response are being elucidated and our understanding remains incomplete, an important role for hindbrain catecholaminergic neurons is clear. Studies over many years by Ritter and colleagues demonstrate the importance of catecholaminergic cell groups in the medulla oblongata in many responses to glucoprivation (Ritter et al., 2001 Bugarith et al., 2005; . Lesions of rostrally projecting, catecholamine-synthesizing neurons decrease the food intake response to glucoprivation, whereas lesions of the spinally projecting cells decrease adrenal medullary catecholamine secretion (Ritter et al., 2001; Bugarith et al., 2005; . Much of the focus resulting from these observations has centered on the role of adrenaline-synthesizing C1 neurons of the rostral ventrolateral medulla (RVLM), which are activated by glucoprivation (Ritter et al., 1998; Verberne and Sartor, 2010; Parker et al., 2013) and contribute to the excitation of adrenal sympathetic nerve activity.
Although the role of the C1 neurons is not disputed, the other medullary adrenaline-synthesizing cell groups, C2 and C3 neurons, are also activated by glucoprivation (Ritter et al., 1998) . We recently mapped the distribution of projections from the dorsomedullary C3 cell group and showed that, like C1 neurons, C3 neurons project widely throughout the CNS, including to sympathetic preganglionic neurons (SPNs) of the spinal cord and hypothalamic and thalamic sites involved in homeostatic regulation of feeding (Sevigny et al., 2012) . Similarly to C1 neurons, C3 neurons express the vesicular glutamate transporter 2 (VGluT2) (Stornetta et al., 2002) , suggesting they are glutamatergic. VGlut2 and vesicular monoamine transporter 2 (VMAT2) immunoreactivity have been identified in C3 axon terminals in close apposition to SPNs within the thoracic intermediolateral cell column (IML), reinforcing their potential, yet undetermined, sympathoexcitatory function. Indeed, to date there is no described function for C3 neurons.
In this study, we characterize the projections of C3 subgroups and show that all groups are activated by glucoprivation, but not by hypotension. Using optogenetic stimulation, we demonstrate the first physiological function for C3 neurons as a sympathoexcitatory cell group. This function is compared with that of the more characterized C1 neuron group. Together, the data point to a role for C3 neurons as a new major component of the network responding to glucoprivation.
Materials and Methods
Animals. All experiments were conducted in accordance with the Australian National Health and Medical Research Council "Code of Practice for the Care and Use of Animals for Scientific Purposes" and were approved by the University of Melbourne Animal Experimentation Ethics and Biosafety Committee or by the Animal Welfare Committee of Flinders University. All experiments were performed on male Sprague Dawley (SD) rats (n ϭ 44, 250 -400 g for anatomy, 100 -150 g for electrophysiology). Animals were housed with a 12 h light:dark cycle at a constant temperature (22 Ϯ 1°C) with ad libitum access to standard rat chow and water.
Induction of Fos immunoreactivity. 2-Deoxyglucose (2-DG) was used to induce neuroglucoprivation (Ritter et al., 1998) . Pairs of rats were handled daily for 4 -10 d before 2-DG or saline treatment. On the night before the experiment, the rats were deprived of food but had access to water ad libitum. The following morning, one rat received a subcutaneous injection of 2-DG (400 mg/kg in distilled water) and the other received distilled water. The rats were perfused with phosphate-buffered 4% formaldehyde 2 h after injection. 2-DG treatment does not affect blood pressure (Llewellyn-Smith et al., 2012) .
Hydralazine (HDZ) treatment was used to lower blood pressure as described previously (Stornetta et al., 2001; Fenwick et al., 2006) . Pairs of rats received either HDZ or saline. Baseline blood pressure was measured at 5 min intervals for 30 min, and then HDZ (10 mg/ml diluted in 2 mg/ml saline, H-1753, Sigma Chemical) or saline was infused over a 1-2 min period. Arterial pressure and heart rate (HR) were continuously recorded for 5 min from the commencement of the infusion and then at 10 min intervals until 120 min. Rats were deeply anesthetized and perfused immediately after the last blood pressure and HR measurements.
Surgical procedure for brainstem microinjections. Thirty to 60 min before all surgeries, rats were injected with a nonsteroidal, antiinflammatory agent (meloxicam, 1 mg/kg, s.c., Metacam, Boehringer Ingelheim). For all surgical procedures, rats were lightly anesthetized by inhalation of isoflurane (Rhodia Australia) before intramuscular injection of a mixture of ketamine (60 mg/kg, i.m.; Lyppard, Dingley) and medetomidine (250 g/kg, i.m.; Pfizer Animal Health). Once a deep surgical level of anesthesia was obtained, as evidenced by loss of the pedal withdrawal and corneal reflexes, the rats were placed in a stereotaxic frame with the skull either angled downward (40°, lentiviral injections) or horizontal between lambda and bregma (fluorescent microsphere injections).
Injections of fluorescent microspheres. Three animals received bilateral injections of fluorescent microspheres into both the pontine tegmental tract (green microspheres) and the IML of the third thoracic spinal segment (orange microspheres). Three animals received bilateral injections of green fluorescent microspheres into only the pontine tegmental tract, and three others received bilateral injections of orange microspheres into only the IML of T3. Three additional animals received unilateral injections into only the pontine tegmental tract (orange microspheres), and three others received unilateral injections into only the IML of T3.
For bilateral injections into the IML of T3, animals were placed in a stereotaxic frame as described above, and a midline incision was made along the upper thoracic spinal region. The brown adipose tissue was retracted, and the spinal process at T4 clamped and gently stretched to open the gap between vertebrae. Fluorescent orange-labeled microspheres (540 nm/560 nm excitation/emission wavelengths; Invitrogen; 10% in 0.9% sterile saline) were microinjected through a glass micropipette, which was placed 550 m lateral to midline. Successive injections (ϳ50 -80 nl each) were made from 0.3 to 1.2 mm below the surface of the cord at 0.3 mm intervals. Injections were also performed in the same pattern, 700 m lateral to midline to label axons of passage in the lateral white matter. These injections were repeated on the opposite side; all tissue layers were sutured and the animals allowed to recover.
Rats for dual retrograde-labeling experiments also received injections of fluorescent green-labeled microspheres (505 nm/515 nm excitation/ emission wavelengths; Invitrogen; 10% in 0.9% sterile saline) into the pontine tegmental tract at the same time as the spinal injections. A midline incision was made over the skull, and part of the skull was removed via trepination to allow access to the brain 2 mm anterior to the lambdoid suture and ϳ3 mm on either side of the midline. After careful removal of the dura, microspheres were injected with a glass micropipette at coordinates encompassing the central, lateral, and ventral portions of the pontine tegmental tract, bilaterally. Injections of 50 -80 nl were placed at 2 mm anterior to the lambdoid suture, and at the following coordinates bilaterally: 0.8 mm lateral (7 mm ventral to the cortical surface), 1.6 mm lateral (at 0.3 mm intervals between 7 and 5 mm ventral to the cortical surface), and 2.4 mm lateral (at 0.3 mm intervals between 6.5 and 5.5 mm ventral to the cortical surface). After all brain injections were completed, all wounds were closed with sterile sutures and rats revived via an intramuscular injection of atipamazole (1 mg/kg; Pfizer Animal Health).
Unilateral injections of orange-fluorescent microspheres into T3 (three animals) or the pontine tegmental tract (three animals) were performed using the methods described above. After all injections, animals were allowed to recover in their home cages for 7-10 d and then perfused under deep anesthesia in preparation for histology.
Microinjection of lentiviruses. We used replication-deficient lentiviruses that are HIV-1-derived and pseudo-typed with the VSV-G envelope. A detailed description of the methods used to generate and characterize these viruses has been published previously (Chen et al., 2010) . Transgene expression was under the control of a synthetic phox2-selective promoter (PRSx8) (Card et al., 2006 (Card et al., , 2011 Abbott et al., 2009b Abbott et al., , 2012 Abbott et al., , 2013 Kanbar et al., 2010; Bruinstroop et al., 2012; Sevigny et al., 2012; Tang et al., 2014) . Three different viruses were used: (1) Lv-PRSx8-ChR2(E123T-H134R)-eYFP-WPRE to express mutant light-gated cation-selective channelrhodopsin-2 (ChR2) fused to the enhanced yellow fluorescent protein (YFP) in C3 and/or C1 neurons (6.1 ϫ 10 8 infectious units/ml); (2) Lv-PRSx8-eGFP to express the enhanced GFP in C1 neurons (8.3 ϫ 10 8 infectious units/ml); and (3) Lv-PRSx8-tdTomato to express the red fluorophore tdTomato in C3 neurons (4.6 ϫ 10 8 infectious units/ml).
For all lentiviral injections, 21-d-old rats were anesthetized and placed in a stereotaxic frame as described above. A midline incision was made over the occipital bone, portions of the bone overlying the cerebellum were removed with a dental drill, and the atlanto-occipital membrane was opened to expose the calamus scriptorius, which was used as a reference point for stereotaxic coordinates. Glass micropipettes (20 -30 m tip diameter) enabled the recording of antidromic field potentials that were elicited by stimulating the mandibular branch of the facial nerve and were used to map the caudal and ventral edges of the facial nucleus, allowing precise targeting of C1 neurons (Abbott et al., 2009a (Abbott et al., , 2009b . These pipettes, connected to a picospritzer (World Precision Instruments), were used to microinject lentiviruses (80 nl per injection site for ChR2 expression, 40 nl per injection site for GFP/tdTomato expression, over 5 min). Injections targeting C1 neurons were made unilaterally (right side), 1.5 mm lateral to the midline at the ventral edge of the facial field and 300 m dorsal to this. These injections were made at three rostrocaudal levels separated by 300 m, the most rostral being just rostral to the caudal end of the facial field potential. Injections to target C3 neurons were made in the midline, at five rostrocaudal levels separated by 250 m. The most caudal C3 injection was made 100 m rostral to the most rostral C1 injection. At each rostrocaudal site, three injections were made in the dorsoventral plane, each separated by 300 m, and based upon the position of the facial field potential. The wound was closed with sterile sutures, and the animals revived via intramuscular injection of atipamazole (1 mg/kg, Pfizer Animal Health). Animals used for optogenetic experiments were allowed to recover for 10 d before electrophysiological recordings, whereas animals used for neuronal tracing studies were killed 6 weeks after injection to optimize fluorophore labeling of axonal projections.
Working heart-brainstem preparation (WHBP). SD rats injected with Lv-PRSx8-ChR2-eYFP in C3 and C1 areas (n ϭ 7), C3 only (n ϭ 3), and C1 only (n ϭ 3) were examined using the WHBP, which allows record-ings of cardiorespiratory activity (Paton, 1996; Paton et al., 2006; Simms et al., 2009; Marina et al., 2011; McBryde et al., 2013) . Ten days after the injection of viral vectors, SD rats were anesthetized deeply with isoflurane until loss of paw withdrawal reflex. Animals were bisected below the diaphragm, exsanguinated, cooled in Ringer's solution on ice (composition in mM as follows: 125 NaCl, 24 NaHCO 3 , 5 KCl, 2.5 CaCl 2 , 1.25 MgSO 4 , 1.25 KH 2 PO 4 , and 10 dextrose, pH 7.3, after saturation with carbogen gas, 5% CO 2 , 95% O 2 ), and decerebrated precollicularly. All chemicals were purchased from Sigma-Aldrich. Lungs were removed, and the descending aorta was isolated and cleaned. Retrograde perfusion of the thorax and head was achieved via a double-lumen catheter (ø 1.25 mm, DLR-4, Braintree Scientific) inserted into the descending aorta. The perfusate was Ringer's solution containing Ficoll (1.25%) warmed to 31°C and gassed with carbogen. The second lumen of the cannula was connected to a transducer to monitor perfusion pressure (PP) in the aorta. Neuromuscular blockade was established using vecuronium bromide added to the perfusate (2-4 g/ml, Organon Teknika). Simultaneous recordings of phrenic nerve activity (PNA), thoracic sympathetic nerve activity (tSNA), between T3 and T5, and vagus nerve activity were obtained using glass suction electrodes, amplified (10 kHz, Neurolog), filtered (50 -1500 kHz, Neurolog), digitized (CED), and recorded to hard disk using Spike2 (CED). HR was derived by using a window discriminator to trigger from the R-wave of the electrocardiogram recorded simultaneously through the phrenic nerve suction electrode.
Optogenetic stimulation. For the WHBP, ear and mouth bars were used to position the dorsal surface of the brainstem in a horizontal plane. Optical fibers (200 m diameter; Doric Lenses) connected to a 473 nm DPSS Laser (Shanghai Laser & Optics Century) were inserted vertically (dorsal approach) to photostimulate C1 neurons (1.7 mm rostral, 1.6 mm lateral, Ϫ2.0 mm ventral to calamus scriptorius), and on a 40°angle to vertical (dorsal approach) to photostimulate C3 neurons (2.0 mm rostral to calamus scriptorius, midline, tip touching the dorsal surface of the brainstem). A light meter (PM20A fiber power meter, Thorlabs) was used to measure light intensity, which was set at 10 mW as this was found to induce maximal effects in our experimental setup without any adverse effect on the tissue. Photostimulation trials consisted of the following: (1) frequency-response photostimulations to determine maximal effect (5, 10, 20, and 50 Hz, 15 ms pulses, 600 pulses) (see Fig. 5 ); (2) maximal photostimulations (20 Hz, 15 ms pulses, 600 pulses); (3) low-frequency 1 Hz photostimulations (1 Hz, 15 ms pulses, 500 pulses); and (4) pairedpulse photostimulations (0.2 Hz, 15 ms pulses, 100 paired pulses, 300 ms or 1000 ms interval between paired pulses).
Histology. Standard perfusion and postfixation protocols were performed as previously published (Llewellyn-Smith et al., 2012; Sevigny et al., 2012) . Following cryoprotection (20% sucrose in half-strength TBPS ϩ 0.05% Thimerosal, pH 7.4), brains and spinal cord segments were cut coronally (30 m sections for Fos studies, 40 m sections otherwise) or horizontally (spinal cord segments for the dual-viral tracing study, 40 m sections) using a cryostat. Immunohistochemistry protocols were performed as previously published for fluorescence immunohistochemistry (Chen et al., 2010; Sevigny et al., 2012) and for peroxidase immunohistochemistry (Llewellyn-Smith et al., 2005 . The only exception was for immunohistochemistry done on tissue from animals injected with fluorescent microspheres, where Triton exposure was reduced to avoid disruption of the latex microspheres. In this case, only the initial blocking steps included 0.1% Triton and Triton was omitted from the primary antibody incubation. The primary antibodies used here were as follows: rabbit anti-TH (1:5000, Millipore Bioscience Research Reagents, AB152), sheep anti-TH (1:1000, Millipore Bioscience Research Reagents, AB1542), mouse anti-D␤H (1:2500, Millipore Bioscience Research Reagents, MAB308), rabbit anti-VMAT2 (1:5000, Phoenix Laboratories, H-V004), sheep anti-neuropeptide Y (NPY) (1:2500, Millipore Bioscience Research Reagents, AB1583), chicken anti-GFP (1:5000, Abcam, AB13970), rabbit anti-DsRed (1:5000, Clontech Laboratories, catalog #632496), goat anti-ChAT (1:1000 for fluorescent immunohistochemistry, 1:5000 for peroxidase immunohistochemistry, Millipore Bioscience Research Reagents, AB144P), rabbit anti-phenylethanolamine N-methyltransferase (PNMT) (1:30,000, kind gift of Dr Luc Denoroy), and rabbit anti-Fos (1:5000, Santa Cruz Biotechnology, SC-253, lot F-131). The secondary antibodies for fluorescence immunohistochemistry, which were all obtained from Jackson ImmunoResearch Laboratories, except where noted, were Cy3-conjugated donkey anti-rabbit (1: 500), Cy3-conjugated donkey anti-mouse (1:500), AlexaFluor-488 goat anti-rabbit (1:500, Invitrogen), AlexaFluor-488 goat anti-mouse (1:500, Invitrogen), AlexaFluor-488 goat anti-chicken (1:500, Invitrogen), AlexaFluor-488 donkey anti-chicken (1:500), Cy5-conjugated donkey antigoat (1:500), and Cy5-conjugated donkey anti-rabbit (1:500). For immunohistochemical detection of TH fibers in the spinal cord, a rabbit anti-sheep biotinylated antibody was used (1:500, Vector Laboratories), followed by incubation with streptavidin-Cy5 antibody (1:1000). For peroxidase immunohistochemistry, biotinylated donkey anti-rabbit immunoglobulin or donkey anti-goat immunoglobulin (1:500) followed by ExtrAvidin-horseradish peroxidase conjugate (1:1500, Sigma) was used. For PNMT and ChAT double staining, a cobalt-and nickel-intensified DAB reaction stained PNMT-immunoreactive neurons black, and a Vector SG kit stained ChAT-immunoreactive neurons blue-gray. For Fos and PNMT double staining, a cobalt-and nickel-intensified DAB reaction stained Fos-immunoreactive neurons black, and an imidazoleintensified DAB reaction stained PNMT-immunoreactive neurons brown.
Bright-field, epifluorescence, and confocal microscopy. An Olympus BH-2 bright-field microscope connected to a Spot RT color camera (Diagnostic Instruments) was used to capture images of neurons labeled with peroxidase immunohistochemistry. Neurons for the Fos study were counted in 1:4 series of 30 m coronal sections. Neurons for anatomical characterization of C3 subgroups were counted in 1:6 series of 40 m coronal sections.
An Axio Imager D.1 microscope connected to an AxioCam MRc5 digital camera (Zeiss) was used to capture images of neurons labeled for ChR2-eYFP immunoreactivity and TH immunoreactivity. Neurons were counted on one in six series of 40 m coronal sections.
For the fluorescent microspheres study, sections containing TH immunoreactivity were initially viewed with a Zeiss LSM 510 META confocal microscope. Images were acquired with either a 40ϫ IR-Achroplan (NA 0.80) water-immersion objective or a 100ϫ IR-Achroplan (NA 1.25) oil-immersion objective. After confirmation with confocal microscopy that no TH-immunoreactive C3 neurons contained both fluorescent orange and fluorescent green microspheres, fluorescence microscopy was performed using an Axio Imager D.1 microscope connected to an AxioCam MRc5 digital camera (Zeiss) for observation of TH-immunoreactive C3 neurons containing either orange or greenfluorescent microspheres. For observation of orange fluorescent microspheres, a secondary antibody with green fluorophore (Alexa-488) was used to reveal TH immunoreactivity; and for observation of green fluorescent microspheres, a secondary antibody with red fluorophore (Cy3) was used to reveal TH immunoreactivity.
For comparison of axonal projections from C3 and C1 neurons to the IML, sections were viewed with a Zeiss LSM510 PASCAL confocal microscope. Sections labeled with AlexaFluor-488-, Cy3-, and Cy5-conjugated probes were excited at 488 nM (argon laser), 543 nm and 633 nm (helium neon laser), respectively. Images of SPN clusters were acquired with a 63ϫ IR-Achroplan (NA 1.0) oil-immersion objective, in a Z-stack array, acquiring up to 8 consecutive overlapping slices. All channels were acquired at a consistent pinhole setting of 1.0 m. Each optical section was assessed for close apposition between axons labeled with Cy3 (C3) or AlexaFluor-488 (C1) and ChAT-immunoreactive SPNs. Maximum intensity projections of 4 -6 image stacks were produced using the software Zeiss Zen Imager to better represent the distribution of C3 and C1 labeling in the IML.
Adobe Photoshop was used to optimize brightness and contrast of the digital images.
Data analysis and statistics. The physiological responses to stimulation of C1 and C3 neurons were obtained during maximal photostimulation, which was determined to be 20 Hz. The data were measured during the entire photostimulation period and are presented as variations in ␦ values compared with the prestimulus control period (90 s). The signals were rectified and integrated with a 50 ms time constant. For lowfrequency photostimulation (1 Hz and paired-pulse protocols), the sig-nals were rectified and integrated with a 5 ms time constant. Group data are presented as mean Ϯ SEM. Paired Student's t tests were used to assess the specific effect of single cell group photostimulation; repeatedmeasures one-way ANOVA, followed by the Holm-Sidak post hoc multiple-comparison test, was used to compare the effects of photostimulation of the different cell groups (SigmaPlot 12). p Ͻ 0.05 represents statistically significant differences.
Results

Anatomical characterization of C3 neurons
Immunoreactivity for PNMT characterizes the adrenergic cell groups and reveals that C3 neurons are located in the dorsomedial medulla oblongata (Fig. 1A,B) , extending rostrocaudally in adult SD rats (n ϭ 3) for ϳ1.7 mm. Counts taken from every sixth 40 m section throughout the C3 nucleus reveal 257 Ϯ 7 (n ϭ 3) PNMTimmunoreactive neurons in the C3 nucleus. C3 neurons stretch from the caudal end of the fourth ventricle (bregma Ϫ13.44 mm) to the caudal-most portion of the dorsal cochlear nucleus and the rostral tip of raphe obscurus (bregma Ϫ11.76 mm).
Within this medullary region, C3 neurons can be grouped into four distinct subregions: the dorsal group (35.6 Ϯ 1.2% of all C3 neurons), the median column (19.7 Ϯ 1.2%), the medial columns (24.9 Ϯ 0.9%, counted bilaterally), and the lateral groups (19.8 Ϯ 1.3%, counted bilaterally) (Fig. 1C,D) . The dorsal group consists of neurons located along the ventral surface of the fourth ventricle and extends throughout the entire rostrocaudal limits of the C3 nucleus, with the highest number of cells found at bregma Ϫ12.24 mm (Fig. 1C,D) . The median column extends down the midline for ϳ1.0 -1.2 mm, with the ventral portions overlapping with raphe obscurus. This column also spans the full rostrocaudal extent of the C3 nucleus, with the highest number of neurons occurring at bregma Ϫ12.96 mm, ϳ0.7 mm caudal to the highest concentration of the dorsal group neurons. The medial columns directly flank the median column. Although these two subgroups could potentially be combined into one "midline cluster," the medial columns only occur in the most rostral portion of the C3 nucleus (bregma Ϫ12.72 to bregma Ϫ11.76 mm), with the caudal extent appearing just rostral to the peak of the median column neurons. The highest number of neurons appears at bregma Ϫ12.24 mm, coinciding with the highest concentration of dorsal group neurons. The final subgroup of C3 neurons, the lateral group, is anatomically isolated from the other C3 neurons, lying ϳ1.5 mm lateral to the midline, just ventral to the nucleus of the solitary tract (Fig. 1B-D) . Although these neurons are located closer to the C2 nucleus than the central portions of C3, their existence outside of the boundaries of the nucleus of the solitary tract, defined as being dorsal and lateral to the rostral-most dorsal vagal motor nucleus (Fig. 1B, inset) , groups them into the C3 population. The lateral group is only apparent from bregma Ϫ12.48 to bregma Ϫ12.00 mm, with the peak density occurring rostrally (bregma Ϫ12.00 mm; Fig.  1D ). While defined by the expression of PNMT, C3 neurons are also dopamine ␤-hydroxylase (D␤H)-and tyrosine hydroxylase (TH)-immunoreactive. A majority (89.4 Ϯ 7.3%) of all D␤H-immunoreactive C3 cell bodies were also VMAT2-immunoreactive (data not shown). There was no significant difference in the proportion of neurons immunoreactive for VMAT2 between individual C3 subgroups. We also tested immunoreactivity for NPY, a marker of catecholaminergic neurons involved in the glucoregulatory response (Bugarith et al., 2005; ). Most C3 neurons were immunoreactive for NPY (92.6 Ϯ 2.3%), with no significant variation between subgroups (data not shown).
Selective projection pattern of C3 subgroups
To characterize the projection patterns of the four subgroups of C3 neurons, injections of microspheres labeled with two different fluorophores were made either bilaterally (n ϭ 3) or unilaterally (n ϭ 3) into the pontine tegmental tract, or the IML at the third thoracic spinal segment. Injections into the pontine tegmental tract, designed to retrogradely label rostrally projecting C3 neurons, encompassed the lateral, central, and ventral portions of the tract 2 mm rostral to the lambdoid suture. Injections into the thoracic spinal cord encompassed the IML, as well as the dorsolateral portions of the white matter, to retrogradely label bulbospinal C3 neurons. Injection sites were confirmed via fluorescent microscopy (data not shown) and showed little variation between animals. No TH-immunoreactive neurons were observed to contain both retrograde tracers ( Fig. 2A-D) , suggesting that individ- Rostrally projecting C3 neurons were located in the dorsal and lateral cell groups (64.4 Ϯ 3.8% and 36.5 Ϯ 7.6% of all dorsal and lateral group C3 neurons, respectively; Fig. 2A,B,E ). There were no rostrally projecting TH-immunoreactive neurons within the median or medial columns. Conversely, all bulbospinal C3 neurons occurred in the median and medial columns. Of all TH-immunoreactive neurons in the median column and medial columns, 73.2 Ϯ 6.2% and 69.7 Ϯ 5.2%, respectively, were bulbospinal ( Fig. 2C-E) . Many neurons not immunoreactive for TH within the boundaries of all four C3 subregions were also observed to have spinally or rostrally projecting axons and did not obey the same exclusive projection patterns.
Unilateral injections of retrograde tracers were performed to determine the extent of lateralization for spinally or rostrally projecting C3 neurons in the medial columns and lateral groups. In the lateral groups, 54.3 Ϯ 6.2% of rostrally projecting neurons projected contralaterally. In addition, 81.2 Ϯ 5.4% of bulbospinal C3 neurons in the medial columns projected contralaterally (Fig.  2D) . Because injections were unilateral, retrogradely labeled neurons located contralateral to the injection sites in either group could potentially project bilaterally.
Glucoprivation, but not hypotension, strongly activates C3 neurons
To determine whether C3 neurons are activated by sympathoexcitatory challenges, we treated rats with either the antimetabolic glucose analog 2-DG (400 mg/kg) to induce glucoprivation or the vasodilator HDZ (10 mg/kg) to induce hypotension, and counted Fos-immunoreactive nuclei in PNMT-immunoreactive C3 neurons.
Treatment with 2-DG induced Fos expression in ϳ60% of C3 neurons (76.0 Ϯ 6.1 PNMT ϩ Fos vs 127.5 Ϯ 4.5 PNMT-only immunoreactive neurons, n ϭ 4), and these were located in all subgroups (Fig. 3A-D (Fig. 3E) , showed strong Fos immunoreactivity in response to HDZ treatment (Fig. 3F,H) .
Optogenetic stimulation of C3 neurons reveals their sympathoexcitatory function
Because C3 neurons from the median and medial subgroups project to the IML and are activated by glucoprivation, we used optogenetic stimulation of C3 neurons to determine whether they modulate sympathetic activity. Twenty-one-day-old SD rats received microinjections of a lentiviral vector (Lv) expressing a point mutated (E123T-H134R) form of ChR2 fused to enhanced YFP, abbreviated to Lv-PRSx8-ChR2-YFP, into either the C3 region (n ϭ 3), the C1 region (unilaterally, n ϭ 3), or both the C3 and C1 regions (n ϭ 7). After microinjection in the C3 region, expression was limited to the dorsal, median, and medial subgroups of C3 (Fig. 4A ) and occurred in ϳ50% of C3 neurons. A few non-TH-immunoreactive ChR2-positive neurons were also observed in some sections, in the midline ventral to the C3 subgroups, Ͼ1.5 mm ventral to the floor of the fourth ventricle at the level of the raphe obscurus.
Ten days after lentivirus injections, we used the WHBP to investigate C3 function. Maximal (20 Hz, 15 ms pulses, 600 pulses, 10 mW light intensity; Fig. 5 K, L) photostimulation of C3 neurons significantly increased tSNA (ϩ0.29 Ϯ 0.07 V, p ϭ 0.010; Fig. 5 A, B) , PP (ϩ1.6 Ϯ 0.3 mmHg, p ϭ 0.002; Fig. 5 A, C) , HR (ϩ4.7 Ϯ 1.9 bpm, p ϭ 0.048; Fig. 5 A, D) , and inspiratory phrenic nerve bursting frequency (PNA, ϩ1.3 Ϯ 0.2 bursts/min, p ϭ 0.002; Fig. 5 A, E) . Photostimulation of C3 neurons produced the same effects in animals injected with Lv-PRSx8-ChR2-YFP only in the C3 region compared with animals injected in both the C3 and C1 regions. Photostimulation of the C3 region in animals injected only in the C1 region did not alter any measured parameters.
Comparison of the response to maximal photostimulation of C3 and C1 neurons
To determine the importance of C3 sympathoexcitatory function, we compared it with the effects produced by optogenetic stimulation of the C1 neurons. To transfect C1 neurons, we targeted the rostral part of the RVLM, caudal to the facial nucleus (Fig. 4C,D) , which contains the bulk of spinally projecting C1 neurons (Jeske and McKenna, 1992) . Expression of ChR2 in the C1 region extended from 0.5 mm rostral to 1 mm caudal to the caudal pole of the facial nucleus. Over this rostrocaudal region, ϳ40% of C1 neurons expressed ChR2 (Fig. 4D) . Similarly to C3, a proportion of non-TH-immunoreactive ChR2-positive neurons was also counted in the RVLM, mostly at the caudal and ventral edges of the facial nucleus, corresponding to retrotrapezoid nucleus Phox2b-positive cells .
We compared the effects of maximal photostimulation of C1 neurons alone, C3 neurons alone, or C1 and C3 neurons together (C1 ϩ C3) (Fig. 5F-L) . The effect of different frequencies (5-50 Hz) of C1 and C3 photostimulation on tSNA and PP was compared, and maximal activation occurred at 20 Hz stimulation ( Fig. 5I ). Contrary to C3 photostimulation, C1 and C1 ϩ C3 photostimulation only caused a tendency to increase HR that did not reach significance (ϩ4.2 Ϯ 1.6 and ϩ5.5 Ϯ 3.5 bpm, p ϭ 0.122 and p ϭ 0.201, respectively; Fig.  5J ). There was no significant difference between the effects produced by C1 and C3 photostimulation, although C1 tended to induce greater increases in tSNA, PP, and PNA frequency ( p ϭ 0.074, p ϭ 0.081, and p ϭ 0.304, respectively; Fig.  5G , H, J ). C1 ϩ C3 photostimulation induced greater increases in tSNA and PP compared with C3 photostimulation alone ( p ϭ 0.006 and p ϭ 0.030, respectively; Fig. 5G,H ) , demonstrating a combinatorial sympathoexcitatory effect between C1 and C3 neurons. Vagus nerve activity was also recorded as a parasympathetic output, but neither C1, nor C3, nor C1 ϩ C3 photostimulation had any effect on its discharge amplitude during either respiratory phase, whereas respiratory-related (inspiratory and postinspiratory) activities increased in frequency in pace with PNA (data not shown).
Different patterns of SNA activation by C3 and C1 neurons
To determine whether C3 neurons shared the same sympathoexcitatory properties as C1 neurons, 1 Hz photostimulation (15 ms pulses, 500 pulses, 10 mW light intensity) of C3 and C1 was performed. Pulse-triggered averages of tSNA revealed differences in the pattern of tSNA activation by C3 and C1 neurons (Fig.  6A-C) . The latency to peak tSNA activation induced by C3 photostimulation was almost double that of C1 photostimulation (115 Ϯ 4 vs 68 Ϯ 4 ms, respectively, p Ͻ 0.001; Fig. 6 A, B) . These differences in latencies were not altered by dual C1 ϩ C3 photostimulation, and the burst timing and shape differences enabled the segregation of burst peaks caused by photostimulation of either cell group (for examples of C1 ϩ C3 low-frequency photostimulation traces, see Fig. 6 D, F ) . C1 photostimulation produced larger bursts of tSNA compared with C3 photostimulation (6.73 Ϯ 1.74 vs 4.48 Ϯ 0.79 V, respectively, p ϭ 0.031; Fig.  6 A, C) , a difference also present in the respective tSNA peaks during C1 ϩ C3 photostimulation (7.97 Ϯ 2.73 vs 4.88 Ϯ 1.23 V, respectively; C1 and C3 peaks of tSNA activation, p ϭ 0.043; Fig. 6 A, C) . Both C1 and C3 photostimulation-induced tSNA peaks were followed by long-lasting reductions in tSNA, with significantly greater reduction after C1 and C1 ϩ C3 photostimulation compared with C3 photostimulation alone (15.4 Ϯ 3.1%, 16.5 Ϯ 3.2%, and 9.5 Ϯ 1.5% compared with baseline, respectively; C1 vs C3, p ϭ 0.020; C1 ϩ C3 vs C3, p ϭ 0.010; C1 vs C1 ϩ C3, p ϭ 0.572). The reduction in tSNA following C3 photostimulation was maximal 266 Ϯ 4 ms after light onset, which was delayed compared with that following C1 photostimulation (240 Ϯ 4 ms, p ϭ 0.002) or C1 ϩ C3 photostimulation (251 Ϯ 6 ms, p ϭ 0.049). Times to return to prestimulus SNA levels after C3, C1, or C1 ϩ C3 photostimulation were not significantly different (448 Ϯ 6, 440 Ϯ 17, and 474 Ϯ 19 ms, respectively).
This period of poststimulus SNA depression has been shown with C1 optogenetic stimulation to decrease the amplitude of a second evoked SNA activation (Abbott et al., 2009b) . We used a paired-pulse protocol to determine whether this was also the case with C3 neurons. Interestingly, paired-pulse photostimulation (0.2 Hz, 15 ms pulses, 100 paired-pulse stimulations, 10 mW light intensity) with a 300 ms interval caused a tendency for an increase in the amplitude of the C3 photostimulation-induced second peak compared with the first peak (104% for C3 photostimulation, 108% for the C3 tSNA peak of C1 ϩ C3 photostimulation, not significant; Fig. 6 D, E) . As described previously, there was a significant decrease in the amplitude of the C1 photostimulationinduced second peak compared with the first peak (91% for C1 photostimulation, 92% for the C1 tSNA peak of C1 ϩ C3 photostimulation, p ϭ 0.013 and 0.047, respectively). Paired-pulse photostimulation with a 1000 ms interval had no effect on peak tSNA activation amplitudes, although there was a tendency for larger second peaks for both C1 and C3 photostimulationinduced tSNA peaks during the C1 ϩ C3 photostimulation protocol (Fig. 6 F, G) . Latencies between onset of stimulation and peak of tSNA activation were unaltered in the paired-pulse protocols.
Comparison of the distribution of varicose axons in the IML derived from C3 and C1 neurons
We sought to determine whether the different sympathoexcitatory characteristics of C3 and C1 neurons might be explained by a different projection pattern of these cells toward SPNs in the IML. In 21-d-old SD rats (n ϭ 3), the lentiviral vector Lv-PRSx8-tdTomato was injected in the C3 region, and the lentiviral vector Lv-PRSx8-GFP was injected unilaterally in the C1 region. Six weeks after injections, tdTomato and GFP soma expression profiles were similar to that of ChR2 for the respective nuclei, with 60 Ϯ 8% of C3 neurons expressing tdTomato, 53 Ϯ 10% of C1 neurons expressing GFP, and a small proportion of non-TH-immunoreactive neurons expressing fluorophores in both nuclei. Overall, an equal number of C3 and C1 neurons were labeled with fluorophores (61 Ϯ 5 vs 65 Ϯ 2 neurons, for C3 and C1, respectively, counted at 240 m coronal intervals).
Horizontal and coronal sections of the T1-T5 spinal segments were used to compare the distribution of varicose axons within the IML derived from C3 and C1 neurons. Sections colabeled for TH, tdTomato, and GFP immunoreactivity showed that all C3 axons to the spinal cord were TH-immunoreactive, and the majority (Ͼ80%) of C1 axons were TH-immunoreactive (data not shown). This latter variation in TH immunoreactivity in C1 terminals correlates with the proportion of C1 somata in the RVLM that are immunoreactive for TH. Another set of sections was colabeled for tdTomato, GFP, and ChAT immunoreactivity, to colabel C3 and C1 projections with the SPNs of the IML. C3 and C1 projections were found throughout the IML at all T1-T5 levels, with similar overall patterns of SPN innervation. Both C3 and C1 fibers crossed the spinal cord midline dorsal of the central canal and innervated the IML bilaterally, with denser C1 innervation on the ipsilateral side to C1 virus injection. All further analysis examined the IML ipsilateral to C1 viral injections.
C1 projections to ChAT-immunoreactive IML neurons were more dense than C3 projections (Fig. 7A-C) . The C1 varicose axons tended to have dense clusters of terminals (Fig. 7D) , whereas those from C3 neurons were less clustered with apparently greater distance between boutons (Fig. 7E) . There was no obvious difference in the distribution of C3 and C1 varicose axons apposed to ChAT-immunoreactive IML neurons (Fig.  7A) , although there were differences in their proportions . In horizontal sections, whereas all ChATimmunoreactive IML clusters received both C3 and C1 axons, substantial variations in proportions of C3/C1 axons were also present as shown in adjacent clusters of ChATimmunoreactive IML in Figure 7B . C1 neurons tended to innervate the more lateral ChAT-immunoreactive IML neurons (Fig.  7A,C,D) , whereas C3 neurons made frequent presumptive contacts with the more medial ChAT-immunoreactive IML neurons (Fig. 7C,E) . These more medial ChATimmunoreactive IML neurons very rarely received C1 innervation. We also found that the more ventral horizontal sections receive predominantly C1 inputs with few, if any, C3 varicose axon, and inversely in the more dorsal horizontal sections. This was further represented in coronal sections, where C3 neurons predominated in the dorsal part of the IML, whereas C1 neurons predominated in the ventral part of the IML (Fig. 8A-F ) .
Discussion
This study provides the first defined function for catecholaminergic C3 neurons and shows that they form part of the circuitry activated in response to glucoprivation. These adrenergic neurons, one of only three groups in the CNS possessing this neurochemical phenotype, project widely throughout the CNS (Sevigny et al., 2012) . Our detailed anatomical characterization divides the C3 neurons into four subgroups based on the spatial organization of cell bodies. These subgroups have exclusive projection patterns, the dorsal and lateral subgroups only projecting rostrally, the medial and median subgroups only projecting caudally. All C3 subgroups were strongly activated by glucoprivation, but not by hypotension. This selectivity of physiological responsiveness provides a contrast to the C1 neurons that are activated by both stimuli.
Using optogenetic stimulation in the WHBP of the rat, we demonstrate that C3 neurons elicit sympathoexcitation with an increase in PP, HR, and respiratory frequency. The sympathoexcitatory effects during sustained photostimulation are similar to those obtained with C1 photostimulation, whereas dual photostimulation (C1 ϩ C3) showed an additive effect. However, low-frequency photostimulations show that, compared with C1 neurons, C3 neurons induce delayed, less pronounced sympathoexcitation that is less sensitive to poststimulus depression. Using dual-viral labeling, we show that C3 and C1 projections toward SPNs of the thoracic IML share similarities, but with variations in the respective proportions of these projections to specific areas of the IML that might contribute to the different functional responses to stimulation of C3 versus C1 neurons.
Like the C1 and C2 adrenergic groups, C3 neurons express NPY, VGluT2, and VMAT2 (Stornetta, 2009). But whereas C1 and C2 neuronal groups are anatomically confined, C3 neurons are sparsely distributed over a long rostrocaudal and mediolateral area. An exception to this is the dorsal subgroup whose neurons occur in a compact distribution. The small number and sparse distribution of C3 neurons make it difficult to activate them with Figure 6 . Low-frequency photostimulations reveal distinct patterns of SNA activation by C3 and C1 neurons. A, Laser pulse triggered averaging of tSNA after 1 Hz photostimulations (15 ms pulses, 500 pulses, 10 mW light intensity) of C1 (red trace) or C3 (blue trace) neurons in the same animals. On a few occasions, C1 photostimulation induced two tSNA peaks (inset from a different animal to the representative case shown in the main C1/C3 traces). B, The 1 Hz photostimulations revealed different latencies to the peak of tSNA activation by C1 (red bar) and C3 (blue bar) neurons. C, The peak of tSNA activation produced by C1 photostimulation was larger than that produced by C3 photostimulation, both with single C1 or C3 and dual C1 ϩ C3 photostimulations (data normalized to C1-only photostimulation-induced tSNA peak as 100%). D, Paired-pulse photostimulations (0.2 Hz, 15 ms pulses, 100 paired-pulse stimulations, 10 mW light intensity) with a 300 ms interval of C3 (blue trace), C1 (red trace), and C1 ϩ C3 (black trace) neurons. The second peak of tSNA activation occurs during the period of poststimulus SNA depression for all photostimulations. E, This led to a decrease in the amplitude of the second peak of tSNA activation caused by C1 photostimulation, but not C3 photostimulation, in both single and dual photostimulations. F, Paired-pulse photostimulations with a 1000 ms interval of C3, C1, and C1 ϩ C3 neurons. With this interval, the second peak of tSNA activation occurs after the period of poststimulus SNA depression for all photostimulations. G, There was no difference between the amplitudes of the first and second peaks of tSNA activation in the 1000 ms paired-pulse protocol for all photostimulations. Data are mean Ϯ SEM (n ϭ 7). *p Ͻ 0.05, within-subject comparison.
# p Ͻ 0.05, between-group comparison. ### p Ͻ 0.001, between-group comparison. S1, Photostimulation 1; S2, photostimulation 2.
traditional chemical or electrical stimulation, and this probably accounts for the complete lack of knowledge about the function of these neurons (Stornetta, 2009) . Using the unprecedented spatial and temporal resolution provided by viral-mediated expression of ChR2 (Boyden et al., 2005; Zhang et al., 2010; Yizhar et al., 2011) , we revealed the sympathoexcitatory function of C3 neurons. Thus, our observations define another group of glutamatergic, sympathoexcitatory neurons that, like C1 neurons, express catecholamine-synthesizing enzymes.
C1 neurons are activated by multiple stimuli, including glucoprivation and hypotension. By contrast, the C3 neurons are robustly activated by glucoprivation and not by hypotension. This highlights a selective functional involvement of C3 neurons as opposed to the involvement of C1 neurons in a broad range of activities (Abbott et al., 2009b . Also, it is unlikely that C3 neurons participate in the generation of basal sympathetic tone as their destruction, concomitantly with that of C1 neurons, does not affect resting SNA (Schreihofer et al., 2000) .
The dense projections of C3 neurons throughout the neuraxis, including to the mediodorsal and paraventricular nuclei of the thalamus as well as many hypothalamic regions (Sevigny et al., 2012) , suggest a widespread influence. We can now conclude that these thalamic and hypothalamic projections arise from C3 neurons in the dorsal and lateral subgroups. By contrast, the dense projections to the spinal cord arise from the median and medial subgroups. These conclusions are supported by the findings of Ritter et al. (2001) who showed that microinjection of the catecholaminergic-cell specific toxin anti-dopamine ␤-hydroxylase-saporin (anti-D␤H-sap) in the hypothalamus killed, among other catecholaminergic cell groups, the dorsal C3 neurons, whereas its injection in the spinal cord (T2-T4) killed the medial and median C3 neurons.
We used the PRSx8 promoter to drive transgene expression (Hwang et al., 2001) . This promoter, a multimer of the phox2 binding domain, is widely used to target catecholaminergic cells (Card et al., 2006 (Card et al., , 2011 Sevigny et al., 2008 Sevigny et al., , 2012 Abbott et al., 2009b Abbott et al., , 2012 Abbott et al., , 2013 Kanbar et al., 2010; Bruinstroop et al., 2012) . However, there are also phox2-expressing cells that are not catecholaminergic (Kang et al., 2007; Card et al., 2010) . Based upon the following information, we are confident the sympathetic responses to photostimulation of the C3 and C1 regions are from C3 and C1 neurons, respectively. The non-TH-immunoreactive neurons labeled from C3 injections were outside the boundaries of the C3 group, in the midline ventral to the C3 cells. Consequently, they are situated Ͼ1.5 mm away from the tip of the optical probe, and we calculated that they would receive Ͻ10% of the light power (Yizhar et al., 2011) (i.e., 3 mW in our experimental conditions), which we found was not sufficient to produce any alterations of the parameters recorded. Furthermore, all axon varicosities in the IML that were labeled from viral injections in the C3 region expressed TH, indicating that the non-THimmunoreactive neurons are not spinally projecting and unlikely to influence sympathetic activity within the millisecond timeframe observed in our recordings. Within the C1 region, we obtained similar levels of ChR2 expression in C1 neurons as in previously published C1 optogenetic studies (Abbott et al., 2009a . Similarly to C3 neurons, ChR2 expression in the RVLM was predominantly in TH-immunoreactive C1 cells, although some non-TH-immunoreactive neurons also expressed ChR2. These cells belong to the retrotrapezoid nucleus (Abbott et 
